The ability to see inside the body noninvasively is indispensable in modern biology and medicine. Optical approaches to such abilities are of rapidly growing interest because of their nonionizing nature and low cost. However, the problem of opacity due to the optical turbidity of tissues must be addressed before optical means become practical. Harmonic holography amalgamates the capability of holographic phase conjugation with the contrast-forming mechanism of second-harmonic generation, which provides a unique opportunity for imaging through a turbid medium. In this review we give accounts of the effort of imaging through turbid media using harmonic holographic phase conjugation.
Introduction
Since Wilhelm Röntgen discovered x rays in 1895, the ability to see inside the body noninvasively has greatly revolutionized clinical diagnostics. Computed tomography, magnetic resonance imaging, and positron emission tomography have been indispensable tools in virtually every modern hospital. Despite their unquestionable merits, there are growing concerns over the dose of the ionizing radiation [1] and the costs of equipment and operation. In contrast, visible and infrared light in the electromagnetic spectrum is generally nonionizing, provides high resolution, and is easy to generate and detect, which attracted increasing interests in tomographic imaging. Indeed, the past decade has witnessed a fast growth in the number of applications using optical tomography [2, 3] .
In the optical band, however, a grave challenge to tackle in tomography is the opacity of most biological tissues. The opacity is a result of absorption and scattering by objects covering a wide range of sizes. While absorption clearly leads to irreversible loss of energy and hence information, it was shown in early holographic experiments that information is preserved rather than destroyed through scattering. The effect of scattering is a highly complex remapping of the light distribution resulting in scrambled information. Fortunately, there exists a spectral window, mainly located in the red to near-infrared (NIR) region, in most biological tissues where absorption can be neglected and scattering dominates. Such objects are generally called scattering media. They are also known as turbid media in optics or disordered media in condensed matter physics. Understanding and control of light wave propagation in a scattering medium [4] is therefore of major concern in the effort to see through such media.
Digital phase conjugation with harmonic holography (H 2 ) [5] is among several emerging techniques for imaging through scattering media. It is a nonlinear optical technique that combines the focusingthrough-scattering capability of holographic phase conjugation with the contrast forming ability of second-harmonic generation (SHG). Here we review the problem of imaging through turbid media, with the main focus on the technique enabled by H 2 phase conjugation. Section 2 is devoted to light propagation in a turbid medium and the techniques to extract image information from it. In Sections 3 and 4 we explain SHG as a contrast forming mechanism and the materials for such purpose. Sections 5 and 6 present H 2 and its applications in imaging through turbid media through digital phase conjugation. This article is not intended to be a comprehensive review on the topic of optical tomography or wave propagation in turbid media. Excellent reviews and reference materials can be found elsewhere [4, 6, 7] . Throughout this paper, we use the terms scattering medium, disordered medium, and turbid medium interchangeably.
Imaging in Turbid Media
The problem of imaging inside or through turbid media is summarized in Fig. 1 . The (coherent) light wave from a source S, which is to be imaged by a lens, enters a disordered medium containing randomly dispersed scatterers, where it undergoes multiple scattering events. The light directly emitted from S, often termed the ballistic photons, loses energy to the scattered light and is extinguished exponentially as I bal z I 0 exp−z∕ℓ without considering the cosine of the incident angle. This is known as the BeerLambert law. Here I 0 and I bal are the intensity of the incident and the ballistic light, respectively, and z is the propagation distance. ℓ is the scattering length, which indicates the average distance for light wave propagation without being appreciably scattered. It is often considered as the average distance for a photon to travel before encountering a scattering event, and hence the name photon mean free path. Here the photon mean free path ℓ is a crucial parameter that governs the behavior of the scattering medium. If ℓ ≫ L, where L is the thickness of the scattering medium, the ballistic photons transmit through the scattering medium without being significantly extinguished, and the images only suffer a reduced contrast similar to what we might see on a foggy day. If λ ≪ ℓ ≪ L, known as the diffusive or weak localization regime [6] , the incident light is scattered multiple times before reaching the emerging face and loses almost all its power to the scattered light. The scattered light intensity follows a diffusion model. If ℓ ≪ λ, the incident light stays in a localized state and does not propagate into the medium, which is a phenomenon first predicted by Anderson [8] and is known as Anderson localization or strong localization. In what follows we focus on the regime of weak localization. We further assume that the absorption in the turbid medium is negligible, which is valid in real biological conditions in the red to NIR band [9] .
The information on the incident wave is, however, not all forgotten. It has been shown, theoretically [10] and experimentally [11] , that some information is remembered (or transmitted) by the emerging wave in spite of the disorder. More specifically, if the incident wave is subject to a linear phase shift that is equivalent to a wavefront rotation of an angle θ around an axis in the transverse plane, there is a nonzero intensity-intensity correlation between the emerging wavefronts before and after the rotation. This correlation, called the "memory effect", is expressed as Cθ kθL∕ sinh kθL 2 , where k 2π∕λ is the wavenumber. In a Fourier sense, this equation suggests that the angular bandwidth of an image transmitted through the scattering medium is limited by θ max ∼ 1∕kL, which leads to a resolution limit of ∼L. Hence, spatial intensity features of the incident wave larger than the thickness of the medium do survive the scattering. This can often be used to directly image through the scattering medium under proper imaging conditions.
In the weak localization (diffusive) regime, the wave emerging from the scattering medium is a random intensity map of large fluctuations, which is well known as speckle in optics. The speckle field is indeed the light from the source randomly remapped in space by the large number of scatterers in the turbid medium. Although often considered as noise, early experiments in holographic phase conjugation [12] have shown that the speckle field formed by a static medium does carry information about the source of the light. Retrieval of the source information can be achieved by sending a time-reversal replica back into the same medium where the scattering is precisely undone. The recent digital implementations of wavefront shaping [13] and holographic phase conjugation [14, 15] using a spatial light modulator (SLM) show great promise in creating a light focus inside or through scattering media.
In the last few decades, many techniques have been developed for imaging inside or through turbid media. A relatively straightforward approach is to simply ignore the scattering since features larger than the thickness of the media are not lost due to the scattering. This led to the successful technique of diffusive optical tomography, which achieved molecular imaging in small animals with a resolution of (a) Light wave from a light source (red star) propagates through a disordered scattering medium of thickness L and undergoes multiple scattering events that destroy its spatial coherence before reaching the imaging lens. (b) In the absence of the scattering medium, the light from the source focuses as a converging spherical wave (dashed arcs), forming an image (black dashed star) as shown. (c) Due to the scattering in the turbid medium, which decimates the direct transmitted wave (the ballistic photons), and the highly distorted wave (red wavy curves) emerging from the turbid medium does not form an image but rather spreads into a speckle field, as shown. At question is how to retrieve an image of the source S from the speckle. the order of ∼millimeters using NIR illumination [16] [17] [18] . Optical mammography in humans [19] [20] [21] is also based on the same principle. Several methods, such as optical coherence tomography (OCT) [22] , confocal [23] , and two-photon microscopy [24] , selectively collect directly transmitted, or ballistic light, and reject multiply scattered waves to achieve higher image quality. Selection of ballistic light can also be achieved through optical [25, 26] or electronic [27, 28] gating in the time domain. Deeper into the turbid medium, however, the ballistic light is extinguished exponentially by the scattering (due to BeerLambert law) and quickly becomes undetectable for any technique that relies on ballistic photons. For example, Theer and Denk suggested that the practical imaging depth limit of two-photon microscopy is approximately 7ℓ [29] .
Due to the rapid attenuation of the ballistic light with depth, it is necessary to extract the scrambled information from the multiply scattered light. Central to this problem is the control of wave propagation in turbid media [4] . To achieve this, Popoff et al. [30] measured the monochromatic transmission matrix of a turbid medium, which allows focusing and imaging through the scattering medium. Timeresolved measurements of the scattered fluorescence intensity was used to retrieve the source image [31] . In another approach, ultrasound was used in combination with optical means in a variety of techniques [32] [33] [34] [35] to exploit the relatively lower scattering in the acoustic domain. Furthermore, Vellekoop and Mosk [13] demonstrated an iterative method to find the optimal phase modulation (wavefront shaping) such that a premodulated light beam propagating back through the turbid medium achieves focus at a given point. A very tight focus was achieved using this technique [36] . Closely related to the wavefront shaping technique, digital holographic phase conjugation was also reported to achieve focusing through turbid media [14, 15] . Both methods achieve imaging similarly by raster-scanning the focus through memory effect [10, 11] .
SHG as a Contrast Mechanism
When a scattering medium is illuminated, the large number of scatterers produce an overwhelming scattered light intensity such that any probes of a biologically relevant size (often of submicrometer or nanometer scale) cannot be detected using its own elastic scattering. Indeed, all techniques but OCT for imaging through turbid media require a type of optical beacon that converts the frequency of the illumination light into another, such that the background scattering can be efficiently suppressed using a simple optical filter. Fluorescent beacons are the key component for molecular specificity in fluorescence microscopy [37] [38] [39] . As a coherent beacon, SHG nanoprobes provide a unique opportunity for imaging through turbid media based on holographic phase conjugation.
When an optical medium is exposed to an intense light field Eω, the polarization density of the material is no longer linear to Eω. Rather, it has to be modeled as a Taylor expansion as P χ 1 · Eω χ 2 · E 2 ω χ 3 · E 3 ω …, where the coefficient χ n is the nth-order susceptibility of the material. The second-order response, χ 2 · E 2 ω, gives rise to a radiation at exactly twice the frequency of the applied field, a phenomenon known as SHG [40] . Figure 2 (a) depicts the energy diagram of an SHG process, where a pair of fundamental photons is simultaneously annihilated while a single photon is emitted with exactly twice as much energy as each of the photons in the photon pair. Note that the electron that annihilates the photon pair only goes through a brief (a few femtoseconds) "virtual" energy state before returning to the ground state, and the energy is conserved in the entire process. Furthermore, in the SHG process, the secondharmonic radiation retains a deterministic phase relationship to the fundamental field and is therefore a coherent wave.
As illustrated in Fig. 2 (b), SHG is only possible when symmetry is broken. The symmetry is broken at interfaces and SHG can occur there, but in the bulk it is efficient only in materials with noncentrosymmetric crystalline structures. Most turbid media, including a majority of biological materials, are unstructured and isotropic and are highly inefficient in SHG if possible at all. Therefore, SHG nanocrystals as reporter probes form a sharp contrast to the background emissions from the surrounding materials. They hence satisfy the requirement for a coherent light beacon. The SHG nanocrystals also have a number of other highly desired properties as probes for biomedical imaging applications, such as resistance against photobleaching and steady emissions [41, 42] .
Materials for SHG Microscopy
Developing nanomaterials suitable for SHG probes plays a central role in the field of SHG imaging. From the perspective of applications in biomedical imaging, materials for SHG probes can be roughly categorized as endogenous and exogenous. Endogenous materials include those biological tissues that have ordered structures with no inversion symmetry. Exogenous materials comprise organic dyes or crystals, metal nanostructures, and dielectric or semiconductor nanoparticles, whose atom arrangements lack an inversion center. While endogenous SHG offers a great advantage of label-free structural imaging, molecular-specific probing can be only achieved through externally introduced SHG agents. In one of the pioneering works, Campagnola et al. [43] demonstrated SHG microscopy in a variety of samples, covering connective tissues, muscle tissues, and intracellular microtubules. Zoumi et al. [44] and Zipfel et al. [45] investigated SHG imaging in collagen fibers, a highly efficient intercellular tissue for SHG. Plotnikov et al. [46] studied SHG in myosin of muscle sarcomeres in more detail. Second-harmonic emission was also reported in myelinated nerve fibers [47] and brain tissues [48] . Moreover, the green fluorescent protein was found to be SHG-active [49, 50] . Applications of the native SHG from collagen in cancer diagnostics were also reported [51, 52] . Due to the phase matching condition, endogenous SHG microscopy commonly utilizes transmission-side detection, although it was shown that echo-planar imaging detection is feasible and advantageous when tissue turbidity is high [53] . Since laser-scanning microscopy with the native SHG emission requires little change in the existing multiphoton microscopes, it can be conveniently integrated into fluorescence microscopy to provide multimodal imaging capabilities [44, 45, 53, 54] .
Organic molecules and polymers containing π-bonds and a permanent electric dipole moment that breaks the symmetry demonstrate second-order nonlinearities. Para-nitoaniline and a variety of stilbene derivatives are among the typical molecules investigated in early works [55, 56] . Delocalized π-electrons, which can move freely along the conjugated structure of the molecules and polymers, play a crucial role to the high nonlinearities in organic materials. Because of the small size of the molecules compared with most inorganic SHG nanocrystals of comparable response, molecular SHG chromophores are of great interest for biomedical applications. Design and synthesis of such chromophores have become an area of intense effort [57] [58] [59] [60] [61] [62] . In particular, many organometallic complexes show excellent SHG capability [59, 60, 62] . Furthermore, a unique on-off switchable SHG response has been recently demonstrated in certain organometallic compounds [63] , which is not available in other types of SHG materials and may play a key role in an SHG variant of stochastic optical reconstruction microscopy [64, 65] . Organic SHG chromophores have been used in the imaging of cell membranes [66, 67] and neural signals [68, 69] .
Interfaces break the symmetry and are therefore capable of SHG [70] . Due to the large ratio of surface area to volume, nanometer-scale structures generate SHG radiation even though the underlying atom arrangement and the shape are centrosymmetric. Dadap et al. [71] gave a theoretical treatment to this problem in the Rayleigh limit and suggested that the SHG radiation as such is quadrupolar in the leading term. The theory and its later expansion [72] , as well as works by others [73] , also predicts that dipole radiation is possible under tightly focused (nonlocal) excitation. Because of their large polarizability, metal nanoparticles (particularly of Au and Ag) are of intense interest for practical use as SHG light sources, with a wealth of works in theory [74] [75] [76] [77] and experiments [78] [79] [80] [81] . In particular, the highly desirable enhancement of SHG through plasmonic resonance [82] is often achievable in noble metal nanoparticles. Furthermore, SHG emission can also be enhanced through the introduction of geometric asymmetry [83, 84] , chirality [85, 86] , or more complex structures [87] . Due to the nature of a surface effect, nanometer SHG emitters constructed from centrosymmetric materials are generally inefficient for practical far-field imaging of single particles below 100 nm in size. Indeed, SHG imaging of individual 150 nm gold nanoparticles was demonstrated only recently using a fairly high excitation intensity (5 × 10 11 W cm −2 ) and a long integration time (10 s∕pixel) in the detection [81] .
Noncentrosymmetric nanocrystals of inorganic materials are often efficient SHG emitters since the asymmetric arrangement of atoms allows the entire volume to contribute to the SHG radiation. Wide bandgap materials are generally preferred for minimal optical absorption and the associated photodamage and phototoxicity. A variety of wide bandgap materials has been investigated, including ZnO [88] [89] [90] [91] [99] . In terms of biomedical applications, SHG microscopy in cells and tissues using these nonlinear optical probes has been reported [42, [100] [101] [102] . Staedler et al. [103] investigated the biocompatibility of a range of nanocrystals and suggested that BaTiO 3 is the most biocompatible among the materials investigated. Hsieh et al. [104] developed a chemical scheme for molecular-specific bioconjugation of antibodies to BaTiO 3 nanocrystals. Nonlinear correlation spectroscopy using ensembles of the SHG nanocrystals was also reported [105] . Compared with wide bandgap materials, semiconductor nanocrystals of II-VI and III-V family materials often provide much stronger SHG response and achieve smaller particle size, which is a highly sought-after property in biomedical applications. These include CdSe [106] , CdS [107] , CdTe [108, 109] , GaAs [110] , and InP [111] , among others. The overall photon energy is no longer conserved in this case, since a significant amount of the energy is consumed through two-photon absorption and fluorescence. The SHG signal in these materials is therefore usually accompanied by a strong twophoton excited fluorescence emission [106] .
In an SHG nanoprobe (assumed spherical) that is much smaller than the wavelength of the harmonic, dipole radiation dominates. The radiated power in the doubled frequency given a fundamental intensity I is W 2ω σ 2ω I 2 , where σ 2ω ∝ d 2 a 6 is the SHG scattering cross section and a is the radius of the sphere. Analogous to the two-photon fluorescence action cross section, σ 2ω is also measured in the Göppert-Mayer (GM) unit with 1 GM 10 −50 cm 4 s photon −1 . The sixth-order dependency of the radiation power on the particle size causes a severe sensitivity problem in practice when the particle is scaled down below 100 nm. Furthermore, if an SHG beacon is to be placed behind a turbid media, the lowered fundamental intensity and the loss of the SHG radiation (both due to the scattering) call for highly sensitive nanoprobes. To boost the second-harmonic radiation power in free-standing nanoprobes, Pu et al. [112] synthesized plasmonic core-shell nanocavities containing an SHG nanoparticle core [ Fig. 3(a) ]. The highly concentrated local field at resonance results in drastically enhanced SHG emission despite the transmission loss in the plasmonic shell. As shown in Fig. 3(b) , the measured resonant SHG enhancement factor exceeded 500.
Harmonic Holography
The principle of H 2 [5] is an extension of the traditional holographic principle through nonlinear optics. Based on the coherent nature of the SHG process, holographic imaging was achieved through the interference between the second-harmonic waves independently generated by physically separated nonlinear optical crystals. One of the goals of H 2 is to introduce a contrast forming mechanism into holography while maintain its capability of threedimensional (3D) imaging. Figure 4 illustrates the principle of H 2 , where a cube, a cone, and a sphere are used as the objects of concern, among which we assume only the sphere is of our interest. In conventional holography [ Fig. 4(a) ], all objects scatter in the same optical frequency as the reference and are thus later reconstructed indiscriminately. In H 2 [ Fig. 4(b) ], on the other hand, the objects are illuminated by the fundamental light and only the object of interest (the sphere) is marked with SHG materials and thus scatters an SHG wave. The SHG reference, independently generated using a separate nonlinear optical crystal, interferes with the signal wave on the image sensor after a bandpass filter that rejects the fundamental light, and forms a hologram. The reconstructed image from a hologram as such contains only the object of interest (the sphere). This new holographic principle thus provides a mechanism to create a contrast between the objects of interest and the rest.
The proof-of-principle experiment for H 2 was first demonstrated in 2008 by Pu et al. [5] using large (∼10 μm) clusters of 100 nm BaTiO 3 nanocrystals and an amplified Ti:sapphire laser source giving an excitation intensity of 1 × 10 11 W∕cm 2 . Owing to the powerful laser source, single-shot H 2 recording was achieved. Hsieh et al. later used a similar setup [ Fig. 5(a) ] to image 3D distribution of 100 nm BaTiO 3 nanoprobes adsorbed to the membrane of HeLa cells. In the context of biomedical imaging, the SHG nanoprobes are often called second-harmonic radiation imaging probes (SHRIMPs). Figures 5(b)-5(e) show the reconstructed images of selected planes from a volumetric image stack, and the axial intensity profile at selected location is plotted in Fig. 5(f) . The high contrast against the background and the 3D capability of the harmonic holographic microscopy is clearly demonstrated. More details on the topic of H 2 can be found in [113] . In a plasmonic nanocavity encaging an SHG nanocrystal, resonantly driven by an external optical field E 0 at the fundamental frequency ω, the internal electric field is enhanced, leading to significantly stronger SHG radiation. (b) Experimental measurements for the SHG scattering cross section (in unit of GM) of a bare core particle (red circles), an on-resonance nanocavity (blue up triangles), and an off-resonance nanocavity (blue down triangles). All measurements are a function of the fundamental polarization angle. The resonant SHG enhancement factor of the nanocavity over a bare core particle is greater than 500. Adapted from [112] .
Recently, H
2 has also been applied to microscopy using the endogenous SHG signal from biological samples. Masihzadeh et al. [114] achieved 3D imaging in samples of corn seeds and human muscle fibrils using a Yb:KGW femtosecond oscillator at a fundamental wavelength of 1027 nm. An SNR of 25 dB was obtained in an integration time as short as 10 ms with an electron-multiplying charge-coupled device (CCD). Winters et al. [115] devised a technique to extract rich information on the supramolecular organization from polarization-resolved harmonic holographic microscopy in samples of corn seed and canine tongue. Shaffer et al. [116] obtained single-shot SHG phase image in a sample of mouse tail tendon using a Ti:sapphire oscillator working at 800 nm. Furthermore, the principle of H 2 is not limited to SHG but also applies to any coherent nonlinear optical process, such as third-harmonic generation and coherent anti-Stokes Raman scattering (CARS). For example, Shi et al. [117] demonstrated an experiment of holographic recording using CARS signal for chemically selective imaging, which has recently been applied to cell imaging [118] .
Imaging through Turbid Media with H 2
Coherent SHG beacons enable imaging through turbid media with H 2 . Earlier experiments [12, 14] have shown that holographic phase conjugation achieves focusing of light through a turbid medium but lacks a contrast mechanism to distinguish the useful signal from the background scattering. Harmonic holography and SHG beacons (SHRIMPs) provide the required contrast. The principle of imaging through a turbid medium using H 2 phase conjugation is illustrated in Fig. 6 . Two major steps (see below) are involved: focusing through phase conjugation [ Fig. 6 In the first step, the SHRIMP beacon S is excited by the illumination light and radiates a light field E O at the doubled frequency, which becomes a speckle field E S after going through the scattering medium. Using H 2 , the complex amplitude of E S is recorded, whose conjugate E S is recreated and sent back through the medium. The scatterers in the turbid medium, which is assumed to be static during the process, cancel the scattering effect and restore a wavefront E O that focuses at the position of the SHRIMP. For simplicity, the excitation light is shown (a) In a conventional holography, the objects (represented by a cube, a cone, and a sphere) scatter at the same frequency with the illumination and the reference light (marked in green). The image sensor records the fringes formed by the interference between the scattered light from the object and the reference light. Through numerical reconstruction, a 3D image of all objects (represented in black solid shape outlines) is retrieved. (b) In H 2 , the object of interest (the sphere as an example) is tagged with nonlinear optical material that is capable of generating optical harmonics (for example SHG). When excited by the illumination light (marked in red), only the sphere scatters light at the doubled frequency that can pass the bandpass filter F. The linearly scattered waves (not shown for clarity) at the same frequency with the illumination light are rejected by the filter. The reference wave goes through an independent nonlinear optical crystal for frequency conversion before reaching the image sensor. The image sensor therefore records a hologram that only contains the wave from the sphere. The numerical reconstruction is able to retrieve only the sphere (black solid shape) but reject the cube and the cone (gray dashed shapes). k I , k O , and k R : the wave vectors of the illumination, object, and reference waves, respectively. BS, beam splitter. from the right side of the turbid medium. In real applications, the excitation light is sent from the same side as the detection despite the lowered intensity and spoiled spatiotemporal profile at the beacon position, since the other side is generally inaccessible.
In the second step, scanning in the vicinity of the SHRIMP beacon is achieved through proper manipulations of the phase-conjugated wavefront. Previous studies [10, 11] in the multiple scattering of coherent waves in disordered media have revealed a deterministic intensity-intensity correlation in the wave exiting the medium when the incident wave undergoes a small change. Therefore, rotating the incident wavefront by a small angle θ moves the phase conjugated focus laterally by Δx L z 0 θ [ Fig. 6(b) ]. Similarly, if the incident wavefront is bent by a curvature 1∕R, the restored focus is axially shifted by Δz L z 0 2 ∕R − L − z 0 . The displacement calculation is based on the assumption that the wave is pivoted and tangent on the incident face of the medium for the rotation and bending, respectively.
Hsieh et al. [15] demonstrated efficient focusing of light through a turbid medium using H 2 phase conjugation. Their experimental setup is illustrated in Figs. 7(a) and 7(b) for recording and reconstruction, respectively. Components not directly involved in the operation are shown in gray outlines in the figure. The system first record the phase of the SHG light field emitted from the SHRIMP and scattered by a turbid layer [ Fig. 7(c) ]. Next, a light field with the conjugated phase is created by the SLM and sent back through the turbid layer along the same path. The scattering of the turbid layer is canceled by the conjugated phase, and a focus is reconstructed at the location of the SHRIMP. Without the phase conjugation, the light field in the vicinity area of the SHRIMP is simply a speckle pattern [ Fig. 7(d) ]. Through the phase conjugation, a clear focus is recovered [ Fig. 7(e) ], whose intensity line profile [ Fig. 7(f) ] shows nearly diffraction-limited performance.
In order to apply the H 2 phase conjugation technique to imaging, scanning of the conjugated focus through memory effect was later demonstrated by Hsieh et al. [119] . The experimental setup involves a galvo mirror for controlled angular rotation, and CCD2 was replaced by a photomultiplier (PMT). The target was a photolithographic pattern of gold on a glass plate, as seen in Fig. 7(g) . A SHRIMP beacon was placed in the center of the pattern for H 2 recording, and a ground glass diffuser was used as a turbid layer. Scanning the phase-conjugated focus over the target and collecting the transmitted light with the PMT recreated the target pattern [ Fig. 7(h) ] with good SNR and contrast. In the control experiment without phase conjugation, no pattern was reconstructed (data not shown).
Yang et al. [120] showed for the first time with experiments the scanning of the phase-conjugated focus in the axial dimension. They employed a similar arrangement with the previous experiments, as shown in Figs. 7(a) and 7(b) . The scanning, however, was implemented digitally using the SLM rather than a galvo mirror for scanning in both lateral and axial dimension. To demonstrate the ability of 3D imaging, a target was assembled by dispersing fluorescent beads on both sides of a microscope cover slip and SHRIMP beacons only on one side, as shown in Fig. 7(i) . A few layers of scotch tape were used as the turbid layer. Once the phase conjugation was established, linear and quadratic phase shifts were applied to the phase map on the SLM to achieve transverse and axial scanning. The images of the fluorescent beads obtained on side 1 and 2 with It is interesting to compare the techniques of wavefront shaping [13] and H 2 phase conjugation. The focusing performance should be similar, though H 2 phase conjugation as a high-resolution equivalent to wavefront shaping may result in slightly tighter focus. Wavefront shaping requires many measurements in order to figure out an optimum phase map, while H 2 phase conjugation only needs to measure once. Thus, the latter suits a dynamic system better. The cost, however, is the alignment condition: in a thick scattering medium the phase conjugation wavefront needs to be aligned in all six degrees of freedom in order to obtain efficient cancelation of the scattering. Wavefront shaping, on the other hand, does not require an alignment procedure. Facing a situation of multiple beacons, wavefront shaping is more likely to fail since the detected fluorescence signal is an intermingled emission at different phases. H 2 phase conjugation, on the other hand, still achieves a focus at each beacon position, although scanning becomes difficult. Being a two-photon process, H 2 phase conjugation inherently requires pulsed illumination light with high intensity. Thus, the scattering makes it difficult to perform the illumination and H 2 recording from the same side. However, with more sensitive SHG nanoprobes, such as SHG plasmonic nanocavities [112] , same-side imaging is feasible, making H 2 phase conjugation a highly useful technique for deep tissue imaging. 
Summary
The interest in seeing through an opaque biological boy optically is rapidly growing and attracts intense research efforts. The opacity in the red and nearinfrared spectral region is dominated by scattering in most biological tissues, where information is scrambled rather than lost in the process of scattering. This provides an opportunity for reconstructing the image from the scattered light. Over the past decade many techniques have been developed to accomplish this goal, and holographic phase conjugation is among the earliest and most efficient methods. Through holographic phase conjugation, a focus can be restored through the scattering media if a light beacon is first established at the location of the focus. Once created, the focus can be moved for scanning microscopy through the memory effect by manipulating the phase of the phase-conjugated wavefront.
Harmonic holography further introduces a unique nonlinear optical contrast-forming mechanism, namely SHG, to efficiently suppress the overwhelming elastic scattering due to the turbidity while maintaining the capability of holographic wavefront reconstruction. Both two-dimensional and threedimensional scanning microscopy through turbid media has been demonstrated through harmonic holographic phase conjugation. The recent advent of highly sensitive SHG nanoprobes could enable sameside illumination and recording, which will make this technique highly useful in the field of biomedical imaging.
